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Abstract—This paper describes a new method for the simula-
tion of signals noised by the presence of other materials outside
of test materials in eddy current testing. The method developed
here, which can treat ferromagnetic materials, is an extension of
a pre-computed database approach based on the magnetic vector
potential method. It results in much fewer degrees of freedom than
those of typical finite element approaches, and the method provides
a very fast forward simulator even in the case with ferromagnetic
materials.
Index Terms—Eddy current testing, ferromagnetic materials, fi-
nite element methods, steam generator tubes.
I. INTRODUCTION
EDDY current testing (ECT) is used for the in-service in-spection of tubes in steam generators (SG) of pressurized
water reactor (PWR) type nuclear plants. Here, a difficulty en-
countered is the processing of the noisy ECT signals. The noise
may be caused by the variation of the lift-off of the probe, de-
posits formed on the outside surface of the tubes, the presence
of structures outside the tubes, etc. One of such structures is a
support plate, which is made of ferromagnetic material.
In order to develop this technique, it is important to clarify
the correlation between the cracks and their eddy current sig-
nals. Three-dimensional numerical simulation methods have re-
cently been used in place of experiments. A nonlinear problem
should be considered when the model includes ferromagnetic
materials. Anyway, linearization can be performed because the
electromagnetic field in ECT works with low density and small
range. Using this approximation, a numerical method is pro-
posed to evaluate the ECT signals considering ferromagnetic
materials outside SG tubes in this paper.
Although the high accuracy of some numerical simulation
techniques has been demonstrated, a problem still remains
in computational time. Some fast pre-computed database ap-
proaches [1], [2] have been proposed, but a problem still exists
because it was impossible to treat ferromagnetic materials.
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Fig. 1. Schematic diagram of electromagnetic fields of domains including a
current source, nonmagnetic and ferromagnetic media.
In this paper, a new method is proposed by the extension of
the pre-computed database approach based on the reduced
magnetic vector potential method [3]. This method can be
applied to the model including ferromagnetic materials. Thus, it
can be used to solve the problems of the SG tubes with deposits
or support plates. Computational time is reduced and same
precision can be achieved as that of a conventional method.
II. FAST ECT SIGNAL PREDICTION
It is usually necessary to consider the whole region including
air, coils and conductors to solve the electromagnetic problems
of ECT. From the viewpoint of signal evaluation of the cracks,
which is obtained as the difference between the models with
and without cracks, a finite element domain can be reduced to
a much smaller region including the crack and its nearby region
[1], [2]. We named it “suspect region.” Using the database of a
crack-free model computed in advance, the analysis region is re-
duced to the inside of the suspect region, and algebraic equations
can be obtained on a very small scale compared with conven-
tional magnetic vector potential methods. Moreover, following
the reciprocity theorem [4], [5], the signals can be computed
u ing only the unknowns of the suspect region.
A. Governing Equations when Ferromagnetic Materials Exist
We consider two systems with and without cracks in a testing
material, as shown in Fig. 1. , and are the whole re-
gion, air region and the current source region. The cracks are
supposed to exist inside the conductor region, which is
made of nonmagnetic materials. But for the conductor region
without any cracks, no restriction on materials is needed.
Following the same procedure as that in reference [2], a mag-
netic vector potential is defined in the case when the con-
ductor is not cracked. If cracks exit, a magnetic vector po-
tential caused by them, , is written as,
(1)
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This could be considered as the potential due to the dipole cur-
rent in the crack region. Using the equations of cracked and




where and are conductivity when is cracked and
crack-free. and are permeability and conductivity in .
( ) is not zero only in the crack. The right side of (2)
can be simply comprehended as the effect of the dipole current,
which may appear in the crack region only. Following the same
steps of conventional edge element based FEM in [3], the alge-
braic equations can be obtained:
(5)
The left side matrix is same as the conventional magnetic vector
potential method when cracks do not exist. It does not depend
on the cracks, in other words, this matrix can be pre-computed
before the crack shapes are known. It must be pointed out that
the degree of freedom of (5) is still same as the conventional
method. An important point is how we decrease the degrees of
freedom.
B. Equations of the Fast Forward Simulation Method
Based on the reciprocity theorem, only the results inside
the flaw region (or a slightly larger region: suspect region) are
needed to compute the ECT signals. That is to say, we want
to solve the equations that contain only the unknowns inside
the suspect region. All the unknowns are separated into two
parts: unknowns inside the suspect region and its boundary are
denoted by subscript 1, the others are denoted by subscript 2.
Equation (5) can be rewritten using the subscripts into
(6)
Most elements in the matrix are zero, and only the elements
related to the flaw are not zero. Multiplying by the matrix ,
which is the inverse matrix of in (6), we obtain
(7)
Equation (7) can be separated into two independent equa-
tions. After arrangement of the equations concerning the sus-
pect region, equations with much smaller degrees of freedom
are shown as
(8)
which can also be expressed as
(9)
Fig. 2. Schematic diagram of domains without ferromagnetic media.
In (9), is the matrix related to the suspect region, and
is a small part of the inverse matrix from a common stiff-
ness matrix. Both and can be computed in advance
because these are independent of cracks, and are used as a data-
base. Depending on the size of the suspect region, it may be
time-consuming to make the database. However, it can be used
repeatedly for various kinds of cracks in the suspect region un-
less the geometry and material properties of the test specimens
change. The equations can be solved by the Gauss method be-
cause of its small degrees of freedom.
C. Computation of the ECT Signals
The signals and noises in ECT are the impedance differences
between the cases with cracks or the noise source, and the cases
without them. Considering Fig. 1 with real ECT of heat ex-
change tubes, is the test specimen; is the noise sources,
such as support plates or deposit materials. The signals due to
crack only, the noises only, and the noised signals including both
these two can be expressed as the differences between system
and system ( ), and ( ), and and
( ), respectively, as shown in Figs. 1 and 2. Following the
reciprocity theory, is easy to compute according to the
reference [2]. The objective of this study is to evaluate the signal
by the database approach, which can not be evaluated by
the previous methods. The same procedure can be used to eval-
uate the signal as follows:
(10)
where denotes an electric field and * means the conju-
gate. The signal can be evaluated by modifying the
Biot–Savart’s law into more general form as,
(11)
where is a magnetization vector and the second part of the
right side shows the contribution of ferromagnetic materials.
can be obtained by . Signal can be evaluated by
a conventional method such as the method shown in [3], together
with (10). Hence the signal can be evaluated.
(12)
where is the conjugate of the current source density. The
signal does not depend on cracks and may be computed
once in advance. Since can be evaluated very fast using
the method proposed here, can be obtained at the same
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Fig. 3. Schematic diagram of (a) copper or magnetite deposit models, and (b) a
support plate.
time. This proposed method has the same accuracy as that of the
conventional method [3] because the effect of is considered
in the formulation. It must be pointed out that is not the
same as because of the existence of . Using
instead of may cause errors in the ECT signals predic-
tion.
III. RESULTS AND DISCUSSION
The JSAEM benchmark problem 5 is used as the numerical
model [6]. It contains three problems simulating a copper de-
posit, a magnetite deposit, and a support plate (SS400). The
analysis model is shown in Fig. 3 and Table I. The impedance
changes with excitation frequencies of 150 kHz and 300 kHz
on the condition that the probe coil is located over the center of
the test piece are computed using the conventional method [3]
to show the accuracy of the method although cracks do not exist
in this case. The computational results are plotted on the com-
plex plane in Fig. 4, comparing with experimental results. Both
results show good agreement.
Signals considering the noises from deposits and a support
plate were computed. In ECT, a crack that is opening on the coil
side is called an inner defect (ID), and one that is opening on
the opposite side is called an outer defect (OD). The results of
the support plate case (150 kHz, OD 40%) are shown in Fig. 5.
The curves described in Fig. 5 are the impedance changes (com-
plex numbers) when the coil moves away from the center of the
crack along a path parallel to the axial direction. Because of
the effect of the support plate, is different from ,
as was mentioned in the previous section. It can also be seen
that ( ), shows good coincidence with ,
which is the target of the simulation, as shown in Fig. 5(b). The
results of copper deposit and magnetite deposit cases (150 kHz,
OD 40%) are shown in Figs. 6 and 7. The same conclusion can
be drawn that ( ) shows good coincidence with
TABLE I
CONFIGURATION OF THECOIL AND TEST SPECIMEN
Fig. 4. Comparison of eddy current signals in copper deposit, magnetite
deposit and support plate models without crack.
. As shown in Fig. 6, the effect of the copper deposit is so
large that the signals due to cracks are too small to be noticed.
This is because the copper deposit has very high conductivity,
which is 60 times more as that of the testpiece, and because the
copper is in contacts with the testpiece. Most eddy current flows
in the copper deposit and this may lower the current density near
the cracks. Signal processing must be used to detect the OD’s of
these noisy cases such as a multi-frequency method. The present
method developed here gives us a much faster way to evaluate
the total signals including crack signals and noises by a simple
superposition of and . This will be a strong tool
to analyze the cases when noise sources exist.
This fast simulator can be applied to any kinds of cracks in-
side the suspect region, and only less than 1% of computational
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(a)
(b)
Fig. 5. Eddy current signals in the support plate model. (a) Comparison of
crack signals. (b) Comparison of signals including noise.
Fig. 6. Eddy current signals in the copper deposit model.
time of the conventional method is needed. The comparison of
the computational costs is made in Table II. The data shown in
Table II are the values needed for the computation of 11 scan
points.
Fig. 7. Eddy current signals in the magnetite deposit model.
TABLE II
COMPUTATIONAL COSTS OF THEPRESENT AND THECONVENTIONAL METHOD
IV. SUMMARY
A very fast ECT signal simulation method, which can treat
ferromagnetic materials, was developed in this paper.
1) Based on the reduced magnetic vector potential method,
a pre-computed database approach was extended to pre-
dict the ECT signals of a system including ferromagnetic
materials.
2) Instead of computing directly, the feature of this
new approach is the fast simulator to solve and the
simple superposition of and .
3) The effectiveness of this fast simulator was verified by
applying it to the problem including the noise factor in
the ECT of SG tubes. The signals can be evaluated with
the same precision as that of the conventional method but
much faster.
This approach is useful for the evaluation of signals of dif-
ferent kinds of cracks, and may be of great advantage if used in
inverse problem analysis because of its high speed.
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